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Abstract
Semi-inclusive D/D¯ meson productions in neutrino deep inelastic scattering are
studied including O(αs) corrections. Supposing a future neutrino factory, cross sec-
tions and spin asymmetries in polarized processes are calculated by using various
parametrization models of polarized parton distribution functions. We suggest that
D¯ production is promising to directly extract the strange quark distribution.
PACS numbers: 13.15.+g, 13.85.Ni, 13.88.+e, 14.40.Lb
1 Introduction
In recent years, experimental data for heavy flavor (charm or bottom quark) production
and decay are reported by several collaborations. Since the heavy quark mass scale
is quite larger than ΛQCD, it is considered that we can treat heavy quarks purely
perturbatively. Heavy quarks are produced only at the short distance scale within the
framework of a fixed flavor number scheme (FFNS), where only light quarks (u, d,
and s) and gluons are considered as active partons, and any heavy quark (c, b, ...)
contributions are calculated in fixed order αs perturbation theory. Physics of heavy
flavor is relatively undisturbed by non-perturbative effects.
A study of heavy flavor production in deep inelastic scattering (DIS) is one of
the most promising ways to access the parton density in the nucleon. As is well known,
the polarized parton distribution function (PDF) plays an important role in deep un-
derstandings of spin structure of the nucleon. In particular, flavor structure of sea
quark distributions has been actively studied in these years. Most of parametrization
models are so far assumed the flavor SU(3)f symmetry to determine the sea quark dis-
tributions. However, there is an attempt to include the violation effects of the SU(3)f
symmetrty [1]. We have expected that the sea quark flavor structure is investigated
by analysing the semi-inclusive DIS data in more details, whereas only the combina-
tions ∆q(x,Q2) + ∆q¯(x,Q2) can be determined in inclusive DIS. All analyses of the
traditional inclusive DIS data suggest that the polarized strange quark distribution
∆s(x,Q2) + ∆s¯(x,Q2) is significantly negative [2]. However, more recently the HER-
MES collaboration has reported preliminary results about the polarized strange quark
distribution [3], in which ∆s(x) + ∆s¯(x) at Q2 = 2.5 GeV2 is slightly positive. Thus,
knowledge about the polarized sea quark distributions remain still poor, and theoreti-
cal and experimental ambiguities are rather large. In order to understand the spin and
flavor structure of the nucleon, we need more information about the polarized strange
quark distribution functions.
Charged current (CC) DIS is effective to extract the flavor decomposed polarized
PDFs, since W± boson changes the flavor of parton. Since there is no intrinsic heavy
flavor component in the FFNS, we can extract information about the parton flavor in
the nucleon from the study of heavy flavor production in CC DIS. Actually, the NuTeV
collaboration reported a measurement of unpolarized s and s¯ quark distributions by
measuring dimuon cross sections in neutrino-DIS [4]. Neutrino-induced CC DIS is
interesting and challenging as not only the unpolarized reaction but also the polarized
reaction [5] at a future neutrino factory [6].
In this work, to extract information about the polarized PDFs we investigated
D/D¯ meson productions in CC DIS including O(αs) corrections in neutrino and po-
larized proton scattering:
ν + ~p→ l− +D +X, (1)
ν¯ + ~p→ l+ + D¯ +X. (2)
Typical feynman diagrams of subprocesses are illustrated in Fig. 1 up to O(αs) next-
to-leading order (NLO) corrections. The leading order process is due to W± boson
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Figure 1: Feynman diagrams of subprocesses for D production in CC DIS up to O(αs):
(a) Born term, (b) real gluon radiation, (c) virtual corrections, and (d) boson-gluon
fusion processes. All quarks are replaced by anti-quarks in D¯ production case.
exchange W+s(d) → c (Fig. 1 (a)). In addition, several processes are taken account
in NLO calculations, in which (b) real gluon radiation processes W+s(d) → cg, (c)
virtual corrections to remove the singularity coming from soft gluon radiation, and (d)
boson-gluon fusion processes W+g → cs¯(d¯) are considered. Thus, the process is quite
sensitive to the strange quark and gluon distribution functions in the nucleon. These
processes might be observed in the forthcoming neutrino experiments, though there is
no experiment using neutrino beams with the polarized target at present.
2 Charm Production in CC DIS
We have calculated the spin-independent and -dependent cross sections, and the spin
asymmetry AD which is defined by
AD ≡
[dσ−− − dσ−+]/dx
[dσ−− + dσ−+]/dx
=
d∆σ/dx
dσ/dx
, (3)
where dσhh′ denotes the spin-dependent cross section with definite helicities h and h
′
for neutrino and the target proton, respectively. Since neutrino is naturally polar-
ized, neutrino and anti-neutrino beams have only helicity state − and +, respectively.
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Therefore, for D¯ production case, the spin asymmetry AD¯ is obtained by replacing
the neutrino beam helicity − to + in Eq. (3). The spin-dependent differential cross
section for ν~p scattering can be written in terms of the polarized structure functions
gi as follows:
d2[3]∆σνp
dxdy[dz]
=
G2Fs
2π(1 +Q2/M2W )
2
[
(1− y)gW
∓
4 + y
2xgW
∓
3 ± y(1−
y
2
)xgW
∓
1
]
, (4)
where Q2 = −q2 and GF , s, and MW denote the Fermi coupling, center of mass energy
squared, and W± boson mass, respectively. Note that the + and − in front of the
3rd term correspond to when initial beam is anti-neutrino and neutrino, respectively.
Kinematical variables x and y are Bjorken scaling variable and inelasticity defined
according to the standard DIS kinematics, and z is defined by z = Pp · PD/Pp · q with
Pp, PD and q being the momentum of proton, D meson, and W
± boson, respectively.
The polarized structure functions gi in ν~p scattering are obtained by the following
convolutions:
Gi(x, z, Q
2) = ∆s′(ξ, µ2F )Dc(z)
+
αs(µ
2
R)
2π
∫ 1
ξ
dξ′
ξ′
∫ 1
max(z,ζmin)
dζ
ζ
{
∆Hqi (ξ
′, ζ, µ2F , λ)∆s
′(
ξ
ξ′
, µ2F )
+ ∆Hgi (ξ
′, ζ, µ2F , λ)∆g(
ξ
ξ′
, µ2F )
}
Dc(
z
ζ
), (5)
where ∆s′ means ∆s′ ≡ |Vcs|
2∆s + |Vcd|
2∆d with CKM parameters. ∆Hq,gi are coef-
ficient functions of quarks and gluons, which can be calculated by using perturbative
QCD. The argument ξ is the slow rescaling parameter, and ξ′ and ζ are the partonic
scaling variables which are defined for the parton momentum pi as
ξ =
Q2
2Pp · q
(
1 +
m2c
Q2
)
, ξ′ =
Q2
2ps,g · q
(
1 +
m2c
Q2
)
, ζ =
ps,g · pc
ps,g · q
, (6)
where pg, ps, pc, and mc are the momentum of gluon, s quark, c quark, and the charm
quark mass, respectively. Dc(z) represents the fragmentation function of an outgoing
charm quark decaying to D meson. For the fragmentation function, we adopted the
parametrization proposed by Peterson et al. [7] and recently developed by Kretzer et
al. [8]. Gi(x, z, Q
2) is related to the polarized structure functions through G1 ≡ g1/2,
G3 ≡ g3, and G4 ≡ g4/2ξ. Similar analyses have been done by Kretzer et al., in which
charged current charm production at NLO in ep [9] and νp [10] scattering is discussed.
3 Numerical Results
In numerical calculations, we set a charm quark mass mc = 1.4 GeV, an initial neutrino
beam energy Eν = 200 GeV, and the factorization scale µF which is equal to the
renormalization scale µR as µ
2
F = µ
2
R = Q
2+m2c . We used the GRV98 [11] and MRST99
[12] parametrizations as the unpolarized PDFs. As for the polarized PDFs, we adopted
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Figure 2: The spin-independent differential cross sections for the process ν~p→ l−DX
at Eν = 200 GeV as a function of x. We show the contribution from each diagram (left
panel) and parametrization model dependence of the unpolarized PDFs (right panel).
Solid, dashed, and dotted lines in the left panel show the cross section in full NLO, full
NLO with g(x) = 0, and LO calculation, respectively. Solid and dashed lines in the
right panel represent the case of MRST99 and GRV98 parametrizations, and bold and
normal lines are full NLO and LO cross sections, respectively.
the following four kinds of parametrizations; AAC00 [13], BB02 [14], GRSV01 [15], and
LSS02 [16], which are recently proposed and now widely used.
We show the spin-independent differential cross section for D meson production
ν~p → l−DX in Fig. 2. The left panel in Fig. 2 represents the contribution to the
cross section from each diagram illustrated in Fig. 1. Solid, dashed, and dotted lines
indicate the contribution form full NLO, full NLO with g(x) = 0, and LO diagrams to
the x differential cross section, respectively. Hence, the difference between the dashed
and dotted lines comes from the gluon radiation process W+s(d) → cg and virtual
corrections (Fig. 1 (b) and (c)), while the difference between the solid and dashed
lines comes from the boson-gluon fusion process W+g → cs¯(d¯) (Fig. 1 (d)). As shown
in Fig. 2, the contribution from the NLO boson-gluon fusion process is considerably
large. This is because the gluon distribution is sufficiently larger than the strange
quark distribution, though the short distance matrix element in NLO is suppressed by
the strong coupling constant αs.
Comparison of the cross section using MRST99 and GRV98 parametrizations for
the unpolarized PDFs is represented in the right panel in Fig. 2. The gap between two
dashed lines stems from the difference of behavior of the unpolarized strange quark
distribution, since only the strange quark distribution contributes to the cross section
at the LO level. We found that the parametrization model dependence is quite large.
It is indicated that even the unpolarized PDFs still has large ambiguity, in spite of
the analyses of unpolarized processes are investigated for a long time. Therefore, this
reaction is effective to determine the unpolarized strange quark distribution, because
the charm quark production in CC DIS using neutrino beams is sensitive to the strange
density in the nucleon.
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Figure 3: The x distribution of spin-dependent cross sections for D meson production
ν~p→ l−DX in LO (left panel) and full NLO (right panel). Solid, dashed, dotted, and
dot-dashed lines show the case of AAC00 set-2, BB02 scenario-2, GRSV01 standard
set, and LSS02 MS parametrizations, respectively.
The spin-dependent cross section for D meson production is presented in Fig. 3.
We show the comparison between LO (left panel) and full NLO (right panel) results
with various parametrization models of the polarized PDFs. We see large contribution
from NLO corrections and strong parametrization model dependence of the polarized
PDFs. As well as the unpolarized case, the cross sections are dominated by the LO
process and boson-gluon fusion process at NLO. Contribution from the gluon radiation
and virtual corrections are not significant in the cross sections.
Both the LO and full NLO results by the LSS parametrization are quite large
compared with other parametrizations. In the LSS parametrization, the polarized
strange quark distribution has the peak at x ∼ 0.2, whereas the polarized gluon distri-
bution is not significant in this x region. Therefore, the LO cross section becomes large,
and the difference between the LO and full NLO cross sections is consequently small
for the LSS parametrization. On the other hand, the NLO cross sections by GRSV and
BB parametrizations are quite similar in whole x regions, while we see some difference
in the LO cross section.
We show the spin asymmetry AD including O(αs) corrections in Fig. 4 as a
function of x. Left panel and right panel in Fig. 4 represent asymmetries for D
production and D¯ production, respectively. For D production, s, d quarks and gluon
distribution contribute to the asymmetry AD. AD is dominated by the valence dv
quark contribution at large x regions (x > 0.3), though the d quark component is
quite highly suppressed by CKM. On the contrary, for D¯ production, s¯, d¯ quarks and
gluon component contribute to the asymmetry AD¯. The d¯ quark contribution is almost
negligible in AD¯. Therefore, the asymmetry is directly affected by the shape of the s¯
quark distribution function. Note that the difference of the sign between these two
asymmetries comes from a definition of the asymmetry given in Eq. (3).
As shown in both figures, spin asymmetries strongly depend on the parametriza-
tion models. We see that the case of the LSS parametrization is quite different from the
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Figure 4: Comparison of the spin asymmetries in NLO for D production ν~p→ l−DX
(left panel) and D¯ production ν¯~p→ l+D¯X (right panel) with various parametrization
models of the polarized PDFs. Several lines are the same as Fig. 3.
ones of other parametrizations. In particular, the asymmetry by the LSS parametriza-
tion in D¯ production goes over 1 at x ∼ 0.3, though the asymmetry should be less than
1. This is because the polarized strange quark distribution in their parametrization
extremely violates the positivity condition at x ∼ 0.3. Measurement of D¯ production
in this reaction is effective to test the parametrization models of the polarized PDFs.
Also, we might directly measure the polarized strange quark distribution. Direct mea-
surement of the polarized strange sea density is crucially important to understand the
flavor structure of the polarized sea quark distribution.
In semi-inclusive DIS, we have an additional ambiguity coming from the frag-
mentation function. However, the ambiguity can be neglected in the x distribution of
asymmetry, since the kinematical variable related to fragmentation is integrated out in
this distribution. The x differential asymmetry is thus sensitive to the behavior of the
polarized PDFs. The asymmetries are actually dominated by the contribution from
diagrams concerned by the strange quark. However, the predominant gluonic contri-
bution presented in Fig. 1 (d) is sizable in whole x regions. Unfortunately, it is not
enough to separate the strange quark distribution from the gluon distribution in this
analysis. The separation of the strange quark and gluon distributions in CC charm
production have been discussed by several people [9, 17]. They have insisted the pos-
sibility which it can be separated by introducing some kinematical cuts. On the other
hand, it is expected that the polarized gluon distribution can be precisely determined
by a measurement of the prompt photon production in polarized proton collisions at
RHIC [18] in near future. It suggests that the polarized strange quark density is effec-
tively extracted through the neutrino-induced semi-inclusive D/D¯ production, if the
polarized gluon distribution is well determined by RHIC experiments.
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4 Conclusions
Semi-inclusive D/D¯ meson productions in CC DIS in neutrino-polarized proton scat-
tering are discussed. We indicated that the charm quark production in CC DIS is
effective to directly access the strange quark distribution s(x,Q2)/∆s(x,Q2) in the
nucleon. Our knowledge about the polarized sea quark distribution is still deficient
at present. Direct measurement of the polarized strange sea density is crucial to un-
derstand the flavor structure of the polarized PDFs and gives us a clue to resolve the
so-called proton spin puzzle. Neutrino experiments using the polarized target which
we have discussed here might be performed at a future neutrino factory.
The cross sections and the spin asymmetries have been calculated including O(αs)
NLO corrections with various parametrization models of the polarized PDFs. The
prametrization model dependence on the asymmetry is quite large and the behav-
ior for the LSS parametrization is especially different among other parametrizations.
Therefore, we can sufficiently test the parametrization model of the polarized PDFs in
this reaction. In addition, we have shown that even an ambiguity for the unpolarized
PDFs is measurable. In any case the D¯ production is promising to extract the strange
sea quark density. This is not the case for theD production because of the large valence
dv quark contribution over the strange quark contribution. If the gluon polarization
∆g(x,Q2) is fixed by RHIC experiments with high accuracy, we can directly extract
the polarized strange quark distribution ∆s(x,Q2).
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